Erythropoietic protoporphyria (EPP) is a genetic disease that results from the defective mutation in the gene encoding ferrochelatase (FECH), the enzyme that converts protoporphyrin IX (PPIX) to heme. Liver injury and even liver failure can occur in EPP patients because of PPIX accumulation in the liver. The current study profiled the liver metabolome in an EPP mouse model caused by a Fech mutation (Fech-mut). As expected, we observed the accumulation of PPIX in the liver of Fech-mut mice. In addition, our metabolomic analysis revealed the accumulation of bile acids and ceramide (Cer) in the liver of Fech-mut mice. High levels of bile acids and Cer are toxic to the liver. Furthermore, we found that the major phosphatidylcholines (PC) in the liver and the ratio of total PC to PPIX in the bile were decreased in Fech-mut mice compared to wild type mice. A decrease of the ratio of PC to PPIX in the bile can potentiate the accumulation of PPIX in the liver because PC increases PPIX solubility and excretion. These metabolomic findings suggest that the accumulation of PPIX, together with the disruption of the homeostasis of bile acids, Cer, and PC, contributes to EPP-associated liver injury.
Introduction
Erythropoietic protoporphyria (EPP) is the third most common type of porphyria, and usually first diagnosed in early childhood [1] . EPP results from the defective mutation of the gene encoding ferrochelatase (FECH), the enzyme that is responsible for the final step of heme synthesis [2] [3] [4] . FECH catalyzes the insertion of a ferrous iron into protoporphyrin IX (PPIX) to form heme, which mainly occurs in the bone marrow and liver [2, 5, 6] . The defective mutation of the FECH gene reduces FECH activity and leads to PPIX accumulation in the bone marrow, erythrocytes, plasma, and liver. Liver injury frequently occurs in EPP patients because of PPIX accumulation in the liver. It has been estimated that up to 20% of the EPP patients have liver injury and approximately 2-5% develop serious liver damage or even liver failure [7] [8] [9] [10] .
PPIX-mediated bile duct blockage is the major cause of the EPPassociated liver disease [2, 11] . The liver removes PPIX from the body and secretes it into the biliary system [6, 12, 13] . Because PPIX is highly hydrophobic, excessive PPIX can precipitate in the bile ducts and cause bile duct blockage [9] . Consequently, PPIX-mediated bile duct blockage results in cholestatic liver injury, which can further lead to fibrosis, cirrhosis and liver failure [7] [8] [9] [10] 14] . Various treatments have been used to manage EPP-associated liver injury in clinical practice, such as suppressing PPIX production by iron therapy [15] or intravenous administration of hemin [16] , reducing PPIX pool by plasmapheresis or hemodialysis [17] , interrupting the enterohepatic circulation of PPIX by charcoal [18] , increasing bile flow by chenodeoxycholic acid or ursodeoxycholic acid [19, 20] , and inhibiting oxidative stress by vitamin E [21] . However, the efficiency of these approaches has not been proved in large numbers of patients and none of them is consistently effective in all cases [5, 9, 10] . Liver transplantation can restore normal liver function, but it does not correct the metabolic disorder in the bone marrow and it can lead to the recurrence of injury in the transplanted liver [5] .
Understanding the biochemical changes in the liver of EPP will be helpful for developing novel strategies for the treatment of EPP-associated liver injury. Metabolomics uses advanced analytical techniques and computational methods to analyze the global biochemical alterations in a biological system, thus it can provide unique and fundamental insights into disease progression [22, 23] . The current study used a metabolomic approach to profile the metabolite alterations in the liver of a mouse model of EPP [24, 25] . The results from our study can be used to explore the mechanisms of EPP-associated liver disease and guide the development of novel therapies for EPP.
Materials and methods

Chemicals and reagents
PPIX was purchased from Sigma-Aldrich (St. Louis, MO). Taurocholic acid (TCA), tauro-α-muricholic acid (T-α-MCA), tauro-β-muricholic acid (T-β-MCA), and β-muricholic acid (β-MCA) were obtained from Steraloids, Inc. (Newport, RI). 1-palmitoyl-2-linoleoyl-snglycero-3-phosphocholine (PC 34:2) was purchased from Avanti Polar Lipids (Avanti Polar Lipids Inc., Alabaster, AL). N-palmitoyl-D-erythrosphingosine (C16:0 Cer), N-stearoyl-D-erythro-sphingosine (C18:0 Cer), and N-nervonoyl-D-erythro-sphingosine (C24:1 Cer) were purchased from Cayman Chemical Company (Ann Arbor, MI). All solvents for ultra-performance liquid chromatography and time-of-flight mass spectrometry (UPLC-TOFMS) analysis were of the highest grade commercially available.
Mice
Wild-type (WT) and Fech-mutant (Fech-mut) mice were purchased from the Jackson Laboratory (Bar Harbor, Maine) and maintained under a standard 12 h dark/light cycle with water and chow provided ad libitum. Blood, liver, and gall bladder samples were collected from 2 to 4 month-old (male) mice. A section of liver tissue was excised and immediately fixed in a 4% formaldehyde phosphate buffer for histological analysis. The remaining liver tissues were flash-frozen in liquid nitrogen and stored at −80°C until further analysis. All animal studies were conducted in accordance with study protocols approved by the University of Pittsburgh Medical Center Institutional Animal Care and Use Committee.
Serum biochemical and liver pathological analysis
Serum biochemical and liver histological analysis were conducted to evaluate liver injury. Serum alanine transaminase (ALT), aspartate transaminase (AST) and alkaline phosphatase (ALP) activities were analyzed according to the standard assay kit procedures. Fixed liver tissues were subjected to dehydration in serial concentrations of alcohol and xylene followed by paraffin embedding. Four-micrometer serial sections were cut and stained with hematoxylin and eosin (H&E).
Sample preparation for metabolite analysis
Liver samples were weighed and homogenized in water (100 mg of tissues in 500 μL of water). Two separate extraction methods were used to analyze liver metabolites [26] . For aqueous extracts, 200 μL of acetonitrile:methanol (1:1, v/v) was added to 100 μL of each homogenate, and followed by vortexing and centrifugation at 15,000g for 10 min. The supernatant was transferred to a new Eppendorf vial for a second centrifugation (15,000g for 10 min). For organic extracts, 2 mL of dichloromethane: methanol (2:1, v/v) and 400 μL water were added to 100 µL of liver homogenate. The mixture was then vortexed for 1 min and centrifuged at 4500g for 5 min. The organic phase was transferred to a glass tube and dried under a gentle stream of nitrogen. The residue was reconstituted with 100 μL of acetonitrile:isopropyl alcohol:H 2 O Co., Ann Arbor, MI).
UPLC-TOFMS analysis
Samples were analyzed by an Acquity BEH C18 column (2.1 × 100 mm, 1.7 µm, Waters, Milford, MA). For the analysis of aqueous extracts, the flow rate of the mobile phase was 0.5 mL/min using a gradient ranging from 2% to 98% acetonitrile/water containing 0.1% formic acid in 12 min, then held for 8 min and equilibrated with the initial ratio for 4 min. For the analysis of the organic extracts, solvent A was 40% water, 60% acetonitrile containing 0.1% formic acid, and solvent B was 90% isopropanol, 10% acetonitrile containing 0.1% formic acid. The initial conditions were 65% of A and 35% of B, which was increased to 95% of B in 12 min, held at 95% of B until 18 min before returning to the initial conditions for column equilibration for 2 min. The flow rate of the mobile phase was 0.4 mL/min and the column temperature was maintained at 50°C. TOFMS was operated in both positive and negative mode with electrospray ionization, respectively. The source and desolvation temperatures were set at 150 and 500°C. Nitrogen was applied as cone and desolvation gas, and the gas flow rates were set as 50 and 800 L/h, respectively. Argon was applied as collision gas. The capillary and cone voltages were set at 0.8 kV and 40 V. The data were acquired from 50 to 1000 Da in centroid format. TOFMS was calibrated with sodium formate and monitored by the intermittent injection of lock mass leucine encephalin (m/z 556.2771 for positive mode and m/z 554.2615 for negative mode) in real time. Tandem mass fragmentation scans with collision energy ramping from 15 to 45 eV were used for structural elucidations of metabolites.
Metabolomic analysis
Progenesis QI software (Nonlinear Dynamics, Newcastle, UK) was used for data analysis. Each UPLC-MS run was imported as an ion intensity map, including retention time and m/z. A data matrix was generated through alignment of all the runs, peak picking, isotope and adduct deconvolution. The data matrix generated by Progenesis QI was further exported into SIMCA-P+ software (Version 13, Umetrics, Kinnelon, NJ). The data were transformed by mean-centering and Pareto-scaling to increase the importance of low abundant ions without significant amplification of noise. Principal component analysis (PCA) was performed to analyze the metabolome difference between two groups and orthogonal partial least-squares discriminant analysis (OPLS-DA) was used to maximize the class discrimination. S-plot was generated and the variables that significantly contributed to the discrimination between groups were considered as potential markers. Metabolites were identified by MS/MS fragmental analysis and by searching the metabolomics database, including METLIN, Human Metabolome Database (HMDB) and Lipid MAPS [27] [28] [29] , with ⊿ppm < 10. The identity of major metabolites was further confirmed by comparing the retention time and MS/MS spectrum with the authentic standards.
Quantitative polymerase chain reaction (qPCR) analysis
Total mRNA was extracted from liver tissues using TRIzol reagent (Invitrogen, Carlsbad, CA). Quantitative PCR was performed using complementary DNA (cDNA) generated from 1 μg of total RNA with a SuperScript II Reverse Transcriptase kit and random oligonucleotides (Invitrogen). qPCR, containing 25 ng cDNA, 150 nM of each primer, and 5 μL of SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) in a total volume of 10 μL, was carried out on an ABI-Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). Values were quantified using the comparative CT method, and mRNA abundance was normalized to cyclophilin. (B and C) Loading S-plots generated by OPLS-DA analysis of the aqueous (B) and organic (C) extracts. The x-axis is a measure of the relative abundance of ions, and the y-axis is a measure of the correlation of each ion to the model. TCA, taurocholic acid; T-α-MCA, tauro-α-muricholic acid; T-β-MCA, tauro-β-muricholic acid; β-MCA, β-muricholic acid; TCDCA, taurochenodeoxycholic acid; PPIX, protoporphyrin IX; PC, phosphatidylcholine; Cer, ceramide.
Statistical analysis
All quantified data are expressed as mean ± SD. Statistical analysis was performed with two-tailed Student's t tests using GraphPad Prism 6 (GraphPad Software, San Diego, CA). A P value less than 0.05 was considered to be statistically significant.
Results
PPIX accumulation and liver injury in Fech-mut mice
As expected, PPIX level was dramatically increased in the liver of Fech-mut mice (Fig. 1A) . Compared to WT mice, PPIX level increased to 72-fold in the liver of Fech-mut mice. The biliary system is responsible for PPIX excretion. However, PPIX is highly hydrophobic and excessive amount of PPIX will precipitate in the bile and block bile flow. We observed plugs in the bile ducts of Fech-mut mice, but not in WT mice (Fig. 1B and C) . In addition, the serum ALT, AST, and ALP activities were significantly increased in Fech-mut mice, suggesting that liver damage occurred (Fig. 1D-F) .
Liver metabolome in Fech-mut mice
PCA score plot demonstrated a clear separation between the liver metabolome of WT and Fech-mut mice (Fig. 2A) . The corresponding loading S-plots generated from OPLS-DA showed ions that contributed to the group differentiation ( Fig. 2B and C) . PPIX, bile acids, phosphatidylcholine (PC), and ceramide (Cer) were the major altered metabolites in the liver of Fech-mut mice compared to WT mice (Fig. 2B, C and Table 1 ).
Bile acid accumulation in the liver of Fech-mut mice
Bile acids were identified as the top increased ions that contributed to the group discrimination ( Fig. 2B and Table 1 ). Compared to WT mice, T-β-MCA, TCA, T-α-MCA, β-MCA, and TCDCA increased to 9.7, 4.1, 6.7, 6.7, and 67.5-fold in the liver of Fech-mut mice, respectively (Fig. 3A) . We next examined the hepatic expression of the genes encoding enzymes and transporters that are associated with bile acid homeostasis. Cholesterol 7ɑ-hydroxylase (CYP7A1), hydroxycholesterol 7-alpha-hydroxylase (CYP7B1), 8β-hydroxylase (CYP8B1) and sterol 27-hydroxylase (CYP27A1) are the enzymes involved in bile acid biosynthesis [30] . We found that the expression of Cyp7a1 was not changed, but the expressions of Cyp8b1, Cyp27a1, and Cyp7b1 were significantly decreased in the liver of Fech-mut mice compared to WT mice (Fig. 3B) . We also examined the expression of genes that regulate bile acid biosynthesis, including farnesoid X receptor (FXR) and its target gene small heterodimer partner (SHP) [30] . No significant difference was found in the expression of FXR and SHP in the liver of WT and Fech-mut mice (Fig. 3C ). These data suggest that the accumulation of bile acids in the liver of Fech-mut mice is not caused by the increase of bile acid biosynthesis.
For the bile acid uptake transporters, we observed a dramatic downregulation of organic anion transporter 1 (Oatp1), and a moderate decrease in Na + -taurocholate cotransporting polypeptide (Ntcp) in the liver of Fech-mut mice (Fig. 3D ). In addition, we observed a significant upregulation of transporters that are involved in basolateral excretion of bile acids, including multidrug resistance-associated protein 1, 4, and 5 (Mrp1, 4, and 5) in the liver of Fech-mut mice (Fig. 3E) . Furthermore, the expression of transporters that are involved in biliary excretion of bile acids, including Mrp2 and bile salt export pump (Bsep), did not show a significant change between WT and Fech-mut mice (Fig. 3F) . Upregulation of basolateral excretion and downregulation of uptake transporters of bile acids are considered as an adaptive response to cholestatic liver injury [31] . These data suggest that the accumulation of bile acids in the liver of Fech-mut mice is caused by PPIX-mediated bile duct blockage.
PC in the liver and bile of Fech-mut mice
PC 34:2, PC 38:6, PC 36:2, and PC 40:6 are the major phospholipids in the liver [32] . We found that the levels of these PCs were decreased in the liver of Fech-mut mice compared to WT mice (Fig. 4A) . However, the expression of the genes encoding the enzymes involved in hepatic PC biosynthesis, including choline kinase α and β (CHKα and CHKβ), phosphate cytidylyltransferase 1α (PCYT1α), and phosphatidylethanolamine N-methyltransferase (PMET) [33] , did not show significant difference between WT and Fech-mut mice (Fig. 4B) . These results suggest that the alteration of hepatic PC in Fech-mut mice is not due to PC biosynthesis. In addition, PCs are the dominant phospholipids in the bile, which can facilitate the dissolution of PPIX in the bile [11] . We found that the level of total PC in the bile did not show significant differences between WT and Fech-mut mice (Fig. 4C) . However, due to the increase of PPIX in the bile (Fig. 4D) , the ratio of total PC to PPIX was dramatically decreased in the bile of Fech-mut mice when compared to WT mice (Fig. 4E) .
Accumulation of Cer in the liver of Fech-mut mice
The levels of C16:0 Cer, C18:0 Cer, and C24:1 Cer were dramatically RT, retention time; ppm, part per million. TCA, taurocholic acid; T-α-MCA, tauro-α-muricholic acid; T-β-MCA, tauro-β-muricholic acid; β-MCA, β-muricholic acid; TCDCA, taurochenodeoxycholic acid; PPIX, protoporphyrin IX; PC, phosphatidylcholine; Cer, ceramide.
increased in the liver of Fech-mut mice (Fig. 5A ). Compared to WT mice, the levels of C16:0 Cer, C18:0 Cer, and C24:1 Cer increased to 5.3, 6.9, and 5.9-fold, respectively, in the liver of Fech-mut mice. Cer is synthesized through de novo synthesis, salvage pathway, and sphingomyelinase (SMase) pathway [34, 35] . We found that the expressions of the genes that are involved in the de novo synthesis of Cer, including serine palmitoyltransferase, long chain base subunit 1 and 2 (Sptlc 1 and 2), were significantly increased in the liver of Fech-mut mice (Fig. 5B) . In addition, the expressions of the hepatic genes that are involved in the salvage pathway of Cer synthesis, including ceramide synthases 2, 4, 5, and 6 (Cers 2, 4, 5, and 6), were also increased in Fech-mut mice (Fig. 5C) . Furthermore, the expression of sphingomyelin phosphodiesterase 3 (Smpd 3) that contributes to the neutral-SMase pathway of Cer formation increased to 42-fold in the liver of Fech-mut mice compared to WT mice (Fig. 5D) . These results suggest that the accumulation Cer in the liver of Fech-mut mice is due to the upregulation of Cer biosynthesis.
Discussion
The current study profiled the liver metabolome in Fech-mut mice in comparison with WT mice. We found that: (1) PPIX level was increased in the liver and bile; (2) bile acids were increased in the liver; (3) major PCs were decreased in the liver and the total PC to PPIX ratio was decreased in the bile; and (4) ceramides were increased in the liver (Fig. 6) . We believe that all these metabolic changes may contribute to the EPP-associated liver disease.
PPIX accumulation in the liver can cause liver injury by activating cJun N-terminal protein kinase and inducing mitochondrial permeability transition [36, 37] . In addition, excessive PPIX will precipitate in the bile ducts, cause bile duct blockage, and affect the excretion of bile acids, which is supported by our observation of plugs in bile ducts and accumulation of bile acids in the liver of Fech-mut mice (Fig. 1C, 2B , and 3A). Bile acids are activators of FXR that upregulate the expression of SHP and inhibit the transcription of CYP7A1 [30, 38] . However, the expressions of SHP and CYP7A1 were not significantly altered in the liver of Fech-mut mice ( Fig. 3B and C) , suggesting that other factors, such as inflammation (Fig. 1C) , might be responsible for the dysregulation of bile acid biosynthesis in the liver of Fech-mut mice. In addition, we ruled out the possibility that the accumulation of bile acids is caused by the increase of synthesis, because the synthesis enzymes including Cyp7b1, 8b1, and 27a1 were downregulated in the liver of Fech-mut mice (Fig. 3B) . The accumulation of bile acids, especially hydrophobic bile acids, in the liver can cause inflammation, as well as hepatocyte and biliary injury [39, 40] . Therefore, bile acid accumulation in the liver may potentiate the progression of EPP-associated liver injury. In this regard, attenuation of hepatic bile acid accumulation can be used as a potential therapeutic approach for EPP-associated liver injury. Indeed, hydrophilic bile acids, such as chenodeoxycholic acid and ursodeoxycholic acid, have been used in the clinic to treat EPP-associated liver injury, because these two bile acids can increase bile flow and increase overall bile acid excretion [19, 20] . However, further studies are needed to evaluate the efficacy of hydrophilic bile acids for treatment in EPP patients [5, 9, 10] .
Our metabolomic analysis also found that the major PCs were significantly decreased in the liver of Fech-mut mice (Fig. 4A) . PC is the major phospholipid in biological membranes and plays critical roles in the maintenance of membrane integrity [33, 41] . Depletion of hepatic PC can lead to liver failure [42] and dietary PC supplementation can protect against liver diseases [43, 44] . In addition, PC has both hydrophobic tail and hydrophilic head, which can facilitate biliary PPIX dissolution by forming micelles [11] . Although we did not observe the change of total PC in the bile of Fech-mut mice, the ratio of total PC to PPIX was significantly decreased (Fig. 4E) , which can reduce PPIX solubility in the bile, exaggerate PPIX-mediated bile duct blockage, and therefore potentiate liver injury.
Furthermore, our metabolomic analysis discovered Cer accumulation in the liver of Fech-mut mice. Cer is a component in the lipid bilayer of cell membranes [45] and plays important roles in cellular proliferation, differentiation, oxidative stress, and inflammation [35] . Liver is the key site for Cer biosynthesis [35] . We illustrated that the accumulation of Cer in the liver of Fech-mut mice was through the upregulation of Cer biosynthesis pathways (Fig. 5) . However, we cannot rule out the potential effects of intestinal FXR on Cer homeostasis in the liver, because FXR can upregulate Cer synthesis in the intestine [46, 47] . Cer has been found to inhibit hepatic mitochondrial complex III and nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), and to increase reactive oxygen species (ROS) [35, 48] . Since oxidative stress and inflammation can be caused by PPIX and bile acids in EPP [11, 24, 49] , Cer accumulation may further worsen these cellular processes.
In summary, the present study provided a metabolomic perspective of EPP-associated liver injury. We found the accumulation of PPIX, bile acids, and Cer in the liver of Fech-mut mice. We also found a decrease of the major PC in the liver and total PC to PPIX ratio in the bile of Fechmut mice. All these metabolic changes may contribute to EPP-associated liver injury (Fig. 6 ). Our data can be used to guide the development of novel therapies for EPP-associated liver injury by modulating the homeostasis of PPIX, bile acids, PC, and Cer.
Author contributions
PW, MS, and JL performed the experiments. PW, GLG, AIS, XZ, and XM conducted data analysis. PW and XM contributed to the new reagents, analytic tools, and animal models. PW and XM conceived the *** P < 0.001, ** P < 0.01 vs WT. Cer, ceramide; Sptlc, serine palmitoyltransferase, long chain base subunit; Cers, ceramide synthases; Smpd, sphingomyelin phosphodiesterase. 
